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Abstract: Urban Digital Twins (UDTs) were first discussed in 2018. Seven years later we ask: What has
been their contribution to urban planning and decision-making so far? Here, we systematically review
84 peer-reviewed articles to map and compare UDTs’ ambitions with their realized contributions.
Our results indicate that despite the vast technical developments, socio-technical challenges have
remained largely unaddressed which caused much of the UDTs’ ambitions to remain unrealized. We
identify three categories in these socio-technical challenges: interdisciplinary integration (II), consensual
contextualization (CC), and procedural operationalization (PO). Accordingly, we consolidate a socio-
technical research and development agenda to realize the ambitions of UDTs for urban planning and
decision-making: Augmented Urban Planning (AUP).

Keywords: socio-technical perspective; urban modelling; city digital twins; urban planning process;
urban decision-making

Highlights
What are the main findings?

• There is a large gap between the ambitions of UDTs for urban planning and their realised contri-
butions, mainly rooted in socio-technical complexities

• There is a shift toward a socio-technical understanding of UDTs, in contrast to the previously
predominant purely technical approaches

What is the implication of the main finding?

• Adopting a socio-technical approach to UDTs is imperative; thus, we consolidate a socio-technical
agenda for their research and development

• We further extend this toward an outline of a methodological framework

1. Introduction
Context & Motivation

Since the first peer-reviewed mentions of Urban Digital Twins (UDTs) in 2018 [1,2], interest in
this field has grown significantly. At the time of writing, a search query on Scopus for urban or city
digital twins yields 994 peer-reviewed articles, with 356 of these focusing on urban planning and
decision-making. This surge in publications indicates a strong interest within the scientific community.
However, among these 356 articles, 48 are review articles, and none directly answer what the ambitions
of UDTs have been regarding urban planning and decision-making, what the actual contributions
are, why there is still a significant gap between ambitions and contributions eight years later, and
how we can ensure UDTs deliver on their promises for urban planning. Here, we aim to answer these
questions.
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Digital twins were initially defined as digital replicas of physical products, processes, or enti-
ties [3]. Extending this concept to built environment, UDTs have been defined as digital replicas of
the urban environment [4]. Early discussions primarily centered around UDTs as 3D models of urban
environments [5]. Over time, more technical ambitions were introduced, such as UDTs serving as
exact replicas [6], providing real-time representations [7], and establishing live virtual-real connec-
tions [8]. Recent reviews also show that the majority of UDT prototypes are developed within technical
disciplines like urban water management, urban mobility planning, and urban energy planning [9].

Problem Statement

Yet, the exact contribution of UDTs to urban planning and decision-making processes remains
unclear [10,11]. There is a growing concern about the dangers of purely technical approaches that
oversimplify social complexities or marginalize underrepresented groups through digital universalist
methods [12–14]. Very few UDT prototypes incorporate human-related dimensions of urban environ-
ments e.g. citizens’ perception of space or their preferences [9]. Moreover, it seems there is minimal
contribution to the active engagement of citizens in urban governance processes [15]. Despite the
prevailing lack of conceptual consistency in understanding UDTs—highlighted by varying definitions
and categorizations in the literature [9]—the outlined potentials and ambitions for UDTs seem to be
ever expanding.

In the context of ongoing debates about the neglect of social dimensions in developing and using
UDTs (UDTing), we try to answer these largely unanswered research questions: (1) what are the
ambitions of UDTs for urban planning and decision-making; (2) what are the realized contributions of
UDTs to urban planning and decision-making; and (3) how can we close the large gap between (1) and
(2).

Methodology

In this study, we aimed to answer these questions by systematically reviewing peer-reviewed
articles that either reflect on or demonstrate the implementation of UDTs to support urban planning
and decision-making. We reviewed 84 articles—35 claiming a UDT implementation, 45 reflecting on
UDTs, and 4 addressing both (Section 2). Our review first mapped UDTs’ ambitions for urban planning
to answer the first research question (Section 3), and then mapped UDTs’ realized contributions to
urban planning and decision-making to answer the second question (Section 4).

UDT for Integration

The results of review indicates that, although the ambitions of UDTs constitute a diverse spectrum,
the common sentiment is integration. There is no consensus in interpreting what integration means. It
can be interpreted as system integration [5], data integration [16], model integration [17], integration
of multiple scales [12], multi-disciplinary integration [18], procedural integration [19], or integration of
stakeholders’ views [11]. However, these different types of integration have not been equally explored
in the research, leading to uneven attention across the various integration approaches.

Ambitions Versus Contributions

Comparing the detailed map of UDTs’ ambitions and contributions reveals that most UDT
implementations have yet to deliver practical and societal value emphasized in UDTs’ ambitions
for planning stakeholders. The reason is that UDT prototypes seldom address the socio-technical
complexities of siloed urban disciplines, conflicting stakeholder dynamics, and opaque planning
processes. As a result, UDTs fall short of being implemented in actual planning or decision-making
processes.

The majority of contributions in UDT implementation articles are limited to demonstrating purely
technical integration, with only a minority taking measures to bridge disciplinary silos. Nevertheless,
they seldom provide realized digital representations contextualized through active engagement of
stakeholders. There is also almost no contribution in operationalizing UDTs within urban planning
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and decision-making processes. Our findings substantiate these significant shortcomings in addressing
socio-technical complexities [9,14].

Socio-Technical Agenda

Furthermore, there is no consistent research and development agenda addressing these socio-
technical complexities [20]. Moreover, the unhelpful assumption persists that technical development
can proceed without deep consideration of the social, legal, and ethical dimensions of the urban
environment [9]. To address this, we cross-validated the identified gaps between ambitions and
contributions with the challenges highlighted in the literature to consolidate a socio-technical agenda
for closing these gaps.

AUP

The result is a cross-validated socio-technical agenda that defines UDTs as an integrated collec-
tion of urban data and models—integrated in the sense of being Interdisciplinarily Integrated (II),
Consensually Contextualized (CC), and Procedurally Operationalized (PO). Such a socio-technically
integrated digital representation would adequately augment the urban planning process without
diminishing the complex dynamics of disciplines, stakeholders, and processes; hence, we propose
Augmented Urban Planning (AUP).

2. Methodology
We use the systematic literature review method of PRISMA [21] to ensure that we comprehensively

cover the diverse literature on the relevance of UDTs for urban planning. Figure 1, illustrates the
methodological process of this article.

Searching,
Screening,

& Assessing
UDT Literature

Selected
UDT Reflection

Literature

[3] UDTs' Envisoned
Potentials for Urban

Planning

Selected
UDT Implmentation

Literature

[4] UDTs' Realized
Contributions to
Urban Planning

Gap Analysis Identified Gaps

Systematic
Literature Review

[2] Methodlogy [3] [4] Results [5] Discussion

Synthesis and
Cross-validation

[5] Augmented
Urban Planning: a
Cross-validated
Socio-technical

AgendaReviewed UDTs'
Challenges

Figure 1. Methodological process. Boxes are processes, parallelograms our outputs, and brackets indicate the number
of section in the article.

2.1. Eligibility Criteria

We limit the articles to those directly discussing and contributing to the relation of UDTs with
urban planning and decision-making. Therefore, we assessed the documents based on the following
criteria:

• Does the document pertain to urban planning or decision-making processes?
• Does the document pertain to urban built environment?
• Does the document pertain to UDTs?

We only included the papers that would satisfy all three criteria.

2.2. Information Sources and Search Strategy

We queried the Scopus database with the following query on November 29th 2024: TITLE-ABS-KEY
( ( urban* OR city ) AND "digital twin” AND ( decision* OR plan* ) ) AND PUBYEAR > 2018
AND ( LIMIT-TO ( DOCTYPE , "ar" ) OR LIMIT-TO ( DOCTYPE , "re" )) AND ( EXCLUDE ( SUBJAREA
, "HEAL" ) OR EXCLUDE ( SUBJAREA , "NEUR" ) OR EXCLUDE ( SUBJAREA , "PHAR" ) OR EXCLUDE
( SUBJAREA , "PSYC" ) OR EXCLUDE ( SUBJAREA , "MEDI" ) OR EXCLUDE ( SUBJAREA , "ARTS"
) OR EXCLUDE ( SUBJAREA , "CHEM" ) OR EXCLUDE ( SUBJAREA , "BIOC" ) OR EXCLUDE ( SUBJAREA
, "CENG" ) OR EXCLUDE ( SUBJAREA , "BUSI" ) OR EXCLUDE ( SUBJAREA , "MATE" ) OR EXCLUDE
( SUBJAREA , "PHYS" ) ) AND ( LIMIT-TO ( LANGUAGE , "English" ) ) AND ( LIMIT-TO ( SRCTYPE
, "j" ) ) .
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2.3. Selection Process

We once screened the records and once assessed the documents before full-text review. These were
conducted by one researcher. The screening round was based on the abstract of records. The assessment
was based on the criteria (plan/decision, urban, and UDT), where we assessed the introduction
and conclusion. In the assessment, we separated the articles into two categories of Reflection and
Implementation based on whether the articles provided conceptual and theoretical reflections on the UDT
discussion or contributed by demonstrating a UDT prototype. All documents were fully reviewed.

2.4. Study Selection

In the PRISMA diagram (Figure 2) we outline how we selected the literature. In the end, 84
articles were deemed as qualified and included.
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356 records identified through
database search

356 records after removing duplicates 0 records excluded

128 articles assessed their by introduction
and conclusion:
- 71 Implementation
- 57 Reflection

44 articles excluded

136 articles sought for retrieval
- 75 Rmplementation
- 61 Reflection

8 records not retrieved
- 5 not accessible
- 3 not in english 

356 records screened by abstract

220 records excluded:
- 117 not decision-making
- 73 not urban
- 30 not UDT

84 articles included:
- 35 Implementation
- 45 Reflection
- 4 Implementation and Reflection 

Figure 2. PRISMA Diagram.

2.5. Study Limitations

We only relied on articles that were registered in Scopus, were accessible, and were written in
English.

Moreover, we strictly focused on articles that directly contribute to the UDT discussion. Although
closely related discussions—such as smart city systems, planning support systems, spatial decision
support systems, and others—might offer insightful contributions to the discourse on the socio-
technical complexities of integrated information systems. Our main reasoning for this approach is to
aid in the consistency of conceptualization of UDTs; therefore, we avoided reviewing articles that have
technical similarities but are framed differently. Nevertheless, the necessity for longitudinal studies of
the development of such related topics and their relationships with each other could be a potential
future avenue of research.

3. UDTs’ Ambitions for Urban Planning
Our systematic review of UDTs’ ambitions reflect a blend of ambitions from previous digital

technologies, unified by a core focus on integration [20]. However, interpretations of ‘what, how, and
why to integrate?’ differ widely, encompassing the interoperability of technical systems [5], cross-
disciplinary alignment [22], engagement of diverse stakeholders [23], incorporation of legal and ethical
frameworks [9], as well as the seamless infusion of digital representations throughout the planning
process [14].
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Early works on UDTs set high ambitions for technical integration [13], with initial efforts centered
on 3D modeling [5], virtual-real integration [24], realistic and real-time representations [4], and
technical scalability [25]. While legal and ethical concerns, such as transparency [26], cybersecurity [25],
privacy protection [27], and legal implications [28], were briefly acknowledged, they were not a primary
focus. However, our review indicates a shift in the reflection literature towards addressing broader
social aspects (see Figure 3).

Figure 3. Proportion and number of reflection articles conceptualizing different types of integrations in Urban
Digital Twins (UDTs). Technical interpretation of integration in blue (e.g. system integration and data integration),
and social interpretation of integration in red (e.g. among multiple stakeholders and across planning process).
Steady proportion of technical interpretations and proportional increase in social interpretations of integration
indicates a shift toward a socio-technical understanding of the integration in UDTs.

Particularly, more and more authors reflect on the insufficiency of purely technical developments
and set ambitions for UDTs that hinge on socio-technical integration [9,23,29,30]. For instance they argue
that UDTs should be informed by in-depth local knowledge [23], consider citizens as humans with
agency [26], enable consensus among them [31], and facilitate interdisciplinary collaborations [17].

Accordingly, we categorize these different interpretations of integration in three socio-technical
categories (see Figure 4): integration in relation to different fields or Interdisciplinary Integration (II),
integration in relation to stakeholders and citizens or Consensual Contextualization (CC), and inte-
gration in relation to processes or Procedural Operationalization (PO). The first category emphasizes
the ambition for UDTs to be interdisciplinary integrated i.e. UDTs should bridge disciplinary silos
and facilitate a holistic view of the urban environment by combining various urban models and data
from different disciplines representing different urban functionalities [20,32]. The second category
emphasizes the ambition for UDTs to be consensually contextualized, i.e. UDTs should adequately
represent the views of different stakeholders about the shared urban environment to facilitate better
communication and participatory decision-making toward consensus [14,23,29,33]. The last category
emphasizes the ambition for UDTs to be procedurally operationalized, i.e. UDTs should be embedded
within urban governance, decision-making, or planning processes and can provide insight for various
questions that arise in different phases of these processes [23,34].

Unlike previous frameworks, we avoid distinguishing ambitions based on social, technical, legal
and ethical categories. In our view, such categorizations would perpetuate the misguided notion that
technical development can occur independent of its societal, ethical, or legal context [13]. Instead, we
categorize them based their integration complexity: in relation to disciplines (II), in relation to humans
(CC), and lastly in relation to processes (PO).
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Interdisciplinary
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Contextualization

Procedural
Operationalization

Process Integration

Procedural Engagement

Integrated Planning Practices

Individual Planning Practices

Secure and Legal

Contextualization

Active Engagement

Collaboration

Communication

Privacy and Trustworthiness

Holistic Representation

Flexible Representation

Model Integration

Data Integration

Technical Integration

Figure 4. Ambition Distribution: Number of Reflection articles contributing to each socio-technical ambition. II is
green, CC is pink, and PO is orange. rep. stands for representation; int. stands for integration.

Ambitions for Interdisciplinary Integration

UDTs’ ambitions for II encompass a range of objectives, each closely tied to the goal of bridging
disciplinary gaps: technical integration, data integration, modelling consistency, flexible system
architecture, and holistic representation. The more technical side of the spectrum focuses on providing
an accurate 3D model [5,25], seamlessly bridging virtual and real twins [24,27], achieving realistic and
real-time representations [5,6], and ultimately ensuring technical scalability [5,25] as a basis for diverse
applications. Others highlight the importance of data integration through adopting open standards [4,
35], establishing interoperable systems [20,36], and implementing UDTs as unified data platforms [7,
37], facilitating seamless data sharing between disciplines. Some discussions revolves around the
modeling approaches used in UDTing such as semantic representations [20,38,39], and theory-based
models [23,24], simulation models used for prediction [40,41], along with the integration of qualitative
and quantitative methods [20,42], allowing for diverse disciplinary insights to be incorporated. Another
set of ambitions revolve around UDT system architecture to ensure flexibility for the diverse needs
of different disciplines, e.g. UDT as systems of systems [28,43], UDT as collection of models [37,44],
and UDT with reconfigurable models. The last category focuses on holistic representation of urban
environment [12,42] offering multi-scalar integration [8,45] across a diverse set of disciplines [9,18].
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Ambitions for Consensual Contextualizatoin

UDTs’ ambitions for CC have a broad range of ambitions addressing complexities in human-
technology and human-human relations: ethical considerations, communication, collaboration, lo-
calization, and participation. UDTs’ ambitions regarding ethical concerns mainly revolve around
enhancing transparency [7] and safeguarding privacy [39] to ensure that UDTs are developed responsi-
bly. The communication ambitions range from leveraging citizens as sensors [18], informing citizens
about policies [8], offering digital and practical training [46], and improving public understanding
of urban complexity [41]. In terms of collaboration, UDTs are envisioned to facilitate interactions
among stakeholders [33], support cross-sector partnerships [47], and enable cooperation between
different cities [9]. Localization ambitions picture UDTs as contextualized representations [29] incorpo-
rating local urban nuances [23] and tailoring digital artifacts to specific questions and contexts [37].
Finally, participation ambitions illustrate UDTs as vehicles for narrating cities by citizen [29], fostering
public participation [26], enabling active co-creation [42], and building consensus among diverse
stakeholders [31].

Ambitions for Procedural Operationalization

PO ambitions for UDTs revolve around legal integration, planning features, meta-planning capa-
bilities, and procedural alignment. UDT’s ambitions regarding legal integration focuses on ensuring
cybersecurity [25] and incorporating legal frameworks [29] to protect the integrity of UDT operations.
A certain group of UDT’s ambitions focus on particular decision-making and planning features such as
monitoring [47], optimization [25], operations [45], management [8], virtual experimentation [48], and
assessment [49], providing practical tools for urban planners. Another set of ambitions address more
complex planning activities e.g. systematic comparison of alternatives [7], benchmarking [9], ensuring
resilience [50], innovation in urban governance [28], and representing processes [49], offering strategic
insights for long-term urban development. Lastly, ambitions with regard to procedural integration
highlights the role of UDTs as operationalized digital systems that facilitate iterative planning [17],
enable engaging stakeholders in structured processes [51], and align with governance and planning
workflows [20] to support continuous and adaptive decision-making.

4. UDTs’ Realized Contributions for Urban Planning
Despite the ambitious vision for UDTs, their realized contributions to urban planning and decision-

making have been limited. More than half of all articles (53%) focus only on conceptual frameworks
and reflective critique, while implemented prototypes are often confined to small-scale lab tests and
rarely made publicly accessible. Even when accessible, these prototypes typically offer little more than
an online data platform with basic 3D visualization, falling short of their broader potential.

Most claimed contributions of UDT implementations extend traditional urban modeling and
analysis by integrating digital representations beyond conventional boundaries. For example Hofmeis-
ter et al. [52] employ a knowledge graph-based approach for integrating dynamic control, emission
dispersion, heat demand forecasting, cost optimization and air quality assessment to enable compre-
hensive urban energy scenario planning. Similarly Todorov et al. [53] integrate virtual piloting of
vehicle fleets, emissions assessment, total cost of ownership analysis, and practical considerations like
depot locations, and vehicle technology to support comprehensive green planning of logistic vehicle
fleet.

terms of the three socio-technical categories of integration: across disciplines (II), among stakehold-
ers (CC), and throughout processes (PO). Appendix 6 describes in detail how we reviewed, categorized,
and assessed contributions of UDTs to each of the socio-technical integration categories. While most
integrative efforts have focused on advancing II, contributions to CC and PO remains limited. The
major shortcoming in CC is that the dominant majority of articles only considered hypothetical stake-
hodlers. The foremost drawback in PO is that the vast majority of articles concentrated solely on
isolated planning practices, neglecting an integrated approach to urban planning and decision-making
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processes. This starkly contrasts with UDTs’ ambitions that increasingly emphasize the importance of
CC and PO.

Contributions to Interdisciplinary Integration

More than 80% of all contributions are in II, but they are not distributed evenly among subcate-
gories. Our review indicates that the majority of focus has been on case-based technical integration,
data integration and developing integrated models. While ensuring flexible system architecture and
providing holistic representations have received less attention.

Examples of technical integration include automated information cascading [52], continuous data
acquisition [54], and real-time situational awareness [55]. Data integration received contributions from
80% of all implementation articles e.g. open data licensing [56], deriving building-energy archetypes
through data fusion [35], and integrating IFC and COBie standards [38]. The subcategory with most
contributions by far is integrated model development that includes simulations e.g. agent based
models for traffic [57], assessments e.g. for GHG emissions [58], and semantic models e.g. predicting
demand in district heating networks [52]. All 39 implementation articles claim at least one form of
assessment module and the majority (70%) claim contributions based on simulation and predictive
models. Despite strong emphasis on modularity in UDTs’ [15] the majority of contributions here
are limited to adopting or publishing open-source models [51,59]. The outstanding exception is the
contribution of [52] where they rely on a combination of knowledge graphs and modular computational
agents based on the architecture of World Avatar project.

24 out of 39 implementation articles focus on only one discipline, with some involving two (12
articles), three (1 article [60]), or four disciplines (2 articles [52,58]). Most interdisciplinary integrations
occur within technical fields like urban water systems, urban decarbonization, urban mobility, urban-
scale building energy modeling, and infrastructure, where cross-disciplinary links are conventionally
established.

Contributions to Consensual Contextualization

Although all papers highlight the potential of UDTs to incorporate social aspects of urban built
environment, very few implementation articles contribute explicitly. The majority of those contributing
to CC are focused on digital interfaces (web-based, AR, VR, etc.) While some discuss crowd-sourcing
and a few adopt a participatory approach, almost none advance co-creation, co-narration, co-visioning,
or consensus-building potentials of UDTs.

The legal and ethical aspects of CC received little attention in implementation articles. The
only contribution aimed at ensuring privacy protection and trustworthiness is the federated learning
approach of Pang et al. [27]. With regard to transparency efforts are limited to a few open-source
models [51,59] and open-license data [56]. The main bulk of contributions to CC are focused on digital
interfaces used for communication with potential UDT users e.g. visual analytics [54,55,61,62] as well
as crowd sourcing and gathering citizen sentiments [51,63]. In terms of collaboration, only 14 out of 39
articles considered more than one stakeholder type: 12 considered two; one considered three [61], while
only one considered five different stakeholder types [23]. Moreover, one article contributed to inter-city
UDTs [27]. Participatory approaches were not common either. With 25 implementation articles focusing
solely on technical or governmental stakeholders, 28 only considering hypothetical stakeholders, 10
with hypothetical citizens, and only 3 involving citizens in their studies [23,63,64]. Some works
involved local authorities [10] and system operators [65], while others presented preliminary work
for citizen engagement [51]. Contributions to contextualization were also minimal, with most studies
merely incorporating demographic data. A notable exception is Nochta et al. [23], which consulted a
spectrum of participants about inclusion and importance of various urban dimensions to localize the
UDT.
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Contributions to Procedural Operationalization

The contributions to PO are even scarcer than CC. The majority of PO contributions are focused
on isolated urban planning and decision-making practices such as assessing,monitoring, operating, or
virtually experimenting with alternatives. while very few addressed more integrated urban planning
practices such as systematic comparison of alternatives, modelling digital representations, long-term
visioning and cultivating resilience. None of the implementation articles demonstrated the integration
of UDTs in ubran planning, decision-making, or governance processes.

The only contribution to cyber security of UDTs was DUET’s proposed security architecture based
on their T-Cell model [28]. With respect to isolated planning activities, 39 out of 39 implementation
articles highlight technical contributions to decision assessment, 31 to sensing and data acquisition,
28 to virtually experimenting with policy alternatives and 27 to simulation and prediction. Some
argue that these technical developments contribute to monitoring [62], operating [6,54], managing [66],
and optimizing [57,65]. Nevertheless, neither of these technical contrubtions have been implemented
or tested in official planning and deicion-making processes. A few implementation articles address
more integrated planning activites e.g. benchmarking [67], cultivating resilience [35], and systematic
comparison of alternatives [60,62,68]. In terms of iterative planning processes, procedural engagement
of citizens, integration with governance processes, and procedural operationalization, there is no
substatial contribution. The limited developments include the emphasis on iterative modelling to
be able to adapt to local insights of citizens [51], participatory development of UDT viewer [61], and
participatory workshops for co-drafting the required UDT features and potential alternatives [23].
Lastly, there where only four implementation articles that addressed modelling and formulating
activities in the planning process (e.g. [37]), the rest were only focused on how UDTs can be used.
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Figure 5. Gap Analysis of the UDTs’ Contributions with respect to their Ambitions. The leftside illustrates the
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contributions of implementation articles for each of the socio-technical types of integration. For II based on
involved disciplines, for CC based on considered stakeholders, and for PO based on individual planning practices.
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5. Augmented Urban Planning: A Cross-Validated Socio-Technical Agenda
5.1. UDT for Integration: A Comprehensive Definition
Integration

Our review reveals that despite the colorful pallet of ambitions set for UDTs, the common thread
is Integration. It can be system integration [5], data integration [16], model integration [17], integration
of multiple scales [12], multi-disciplinary integration [18], procedural integration [19], or integration of
stakeholders’ views [11]. Nevertheless, these different interpretations of Integration have not recieved
equal attention (Figure 3).

Purely Technical Perspective

Most UDT developments are concentrated in technically advanced fields. Our review indicates
that implementation articles most frequently address urban water systems (9 articles), decarbonization
(9 articles), urban mobility (9 articles), urban-scale building energy modeling (7 articles), and urban
infrastructure (5 articles), with majority of other disciplines having only one article. Similarly, Wu and
Guan [9] also found in their literature review that the majority of developments occur in technically
advanced urban fields such as mobility, energy, and water [9]. Nevertheless, reflection articles depict a
shift toward socio-technical perspectives.

In the recent years, there has been an increasing number of articles that emphasize the neglected
social dimension in development of UDTs (see Fiigure 3). Some scholars highlight the danger of
technical optimisim [13] and the UDT-specific branch of it dubbed digital universalism [12]. They
warn against the danger of overlooking social and ethical concerns [13] that might be driven by
‘short-term economic-efficient fixies’ instead of societally informed investments and developments [15].
Charitonidou [12] calls for transcending purely technical aspects and emphasizes the socio-technical
aspects.

Emerging Socio-Technical Perspective

While there is an emerging consensus on the need for a socio-technical approach, there is no
concrete agenda or methodology. In their case review Quek et al. [20] criticise fragmented technological
development and argue for more ‘interoperability and compatibility’ in UDT developments. Wan
et al. [48] criticizes the neglect of theory-driven models in favour of data-driven approaches and
calls for a combined theory-based and data-based approach. In their systematic review, Wu and
Guan [9] highlights the social and ethical chllanges in addition to technical challenges and proposes a
hierarchy of UDTs: namely domain UDTs, intra-city UDTs, and inter-city UDTs. Lastly, Nochta et al.
[23] demonstrates a participatory workshoping approach for developing and using UDTs. Nonetheless,
there is still a lack of clear agenda for ensuring that UDTs are socio-technically integrated. Here, we
synthesize our findings to consolidate a socio-technical agenda for developing and using UDTs in
urban planning and decision-making processes.
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Figure 6. Cross-validation of Augmented Urban Planning (AUP) Agenda: Number of Reflection articles contribut-
ing to each socio-technical limitations. II is green, CC is pink, and PO is orange. rep. stands for representation; int.
stands for integration.

A Socio-Technical Definition of UDTs

To consolidate a research and development agenda for UDTs, we need to avoid isolating social and
technical from each other. Thus, we define an ideal case where UDTs are socio-technically integrated;
that is, UDTs are a consistent collection of urban data and models that are Interdisciplinarily Integrated
(II), Consensually Contextualized (CC), and Procedurally Operationalized (PO) within urban planning
processes. Such socio-technically integrated UDTs, as a collection of digital representations, are capable
of augmenting the urban planning process to address (not resolve) its wicked complexity; thus, we call
this ideal process an Augmented Urban Planning (AUP) process.

In the following, we present the socio-technical integration types as PO, CC, and II to ensure
logical consistency of why such considerations are necessary in AUP. This order facilitates a natural flow
of arguments and comprehensive coverage of concepts, while importantly demonstrating that technical
development depends on and cannot be separated from procedural, contextual, and interdisciplinary
considerations.

5.2. Procedural Operationalization

If UDTs are to achieve procedural operationalization (PO), it is crucial to integrate them into
existing processes (5.2.1). This integration depends on actively engaging relevant stakeholders in both
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the development and use of UDTs, ensuring that their needs and insights shape the technology (5.2.2).
Moreover, practical considerations like implementation budgets and limitations must be addressed to
make UDTs feasible and sustainable (5.2.3). Ultimately, UDTs should be developed to be secure yet
transparent, balancing data protection with openness to foster trust and accountability (5.2.4).

5.2.1. Process Integration

To effectively integrate UDTs into existing processes, it is essential to specify their relationship with
current decision-making, planning, and governance frameworks [69]. This involves identifying which
questions within these processes require insights from UDTs and considering the complexities and
dynamics inherent in planning to address ambiguity and support the entire planning process [15,20].
By doing so, we can specify, measure, and assess the tangible impact of UDTs on planning and
policymaking outcomes [20,42]. However, achieving this integration is not an easy feat; it heavily
depends on the depth and breadth of engagement from relevant stakeholders in the process (5.2.2).

5.2.2. Procedural Engagement

For UDTs to facilitate active engagement of relevant stakeholders across the decision-making
process, they need to address the complexity of organizational structures—such as isolated working
methods [69]—and ambiguities in regulatory frameworks and processes [13]. Developing collaborative
workflows is crucial, allowing stakeholders not only to inform or be informed but also to act as active
agents in earlier decision-making stages like visioning and agenda-setting [70]. Moreover, UDT
developments must avoid reinforcing existing organizational barriers to citizen engagement and
instead promote broader procedural inclusivity [42,47]. However, ensuring procedural engagement is
impossible without UDTs enabling communication (5.3.4), collaboration (5.3.3), and active engagement
(5.3.2).

5.2.3. Implementation Limits

For UDTs to become a tangible information system, it is crucial to balance their cost and impact.
Addressing the environmental footprint of the computationally intensive resources required for UDTs
is essential [18]. Developing standardized frameworks and infrastructures can lower the financial
barriers to developing and using UDTs [71]. Furthermore, implementing digital training programs
that equip current practitioners with both technical and non-technical skill sets will enable them to use
and contribute to these technologies critically [23,30,46]. Given UDTs’ low technology readiness, they
require further assessment and evaluation not only on technical criteria but also regarding their socio-
technical contributions to demonstrate their usability [72]. Lasltly, In an era of rapidly accelerating
technologies, UDTs must be digitally sustainable to ensure future interoperability over a reasonable
timeframe, considering the significant efforts and expenses involved [20,23]. Nonetheless, feasibility
should not come at the cost of security and transparency (5.2.4).

5.2.4. Secure but Transparent

If the procedural operationalization of UDTs strengthens opaque organizational processes or
introduces cybersecurity risks, then despite technological progress, they could lead to social regress.
Therefore, it is crucial to ensure that integrated platforms of data and models do not introduce cyberse-
curity vulnerabilities [13,73]. This should be achieved in accordance with existing legal frameworks
like the GDPR [28]. Equally important, UDTs should enhance procedural transparency in urban gover-
nance processes, facilitating public scrutiny and administrative accountability [5,13]. Nonetheless, this
is deeply tied to how UDTs protect privacy and foster trust (5.3.5).

5.3. Consensual Contextualization

To achieve consensual contextualization (CC) in UDTs, it is essential to provide local and context-
specific representations of the urban environment (5.3.1). This requires actively engaging relevant
stakeholders, enabling them to interpret knowledge in their own context, co-create shared under-
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standing, and reach consensus on immediate challenges and future decisions (5.3.2). Such level of
engagement depends on fostering collaboration among stakeholders (5.3.3), which fundamentally
relies on facilitating the emergence of a shared language for clear communication (5.3.4). However, all
these efforts are only possible if UDTs strive to protect citizens’ privacy and foster trust among the
broader spectrum of stakeholders (5.3.5).

5.3.1. Contextualization

If UDTs are to be local and contextual, we need to be wary of the danger of digital universalism,
i.e., treating cities as if they are the same or one one single frame is enough to represent a city [12,23].
All models and data are value-laden; there are particular values embedded in their methods of
measurement, assessment, aggregation, assumptions, etc. Therefore, we strongly argue that no
representation (including the maximalist UDT) can be the single source of truth [20,48,74]. If we treat
any representation as such, we risk marginalizing those that are underrepresented in the frame of that
representation and reinforcing age disparities, income disparities, race disparities, and more [20,47].

Thus, it is necessary to commit to the plurality of contextual representations, i.e., a plurality
of specific UDTs: not only domain-specific and city-specific UDTs but also community-specific and
stakeholder-specific UDTs; each curated with a set of data and models to serve the views and purposes
of its particular stakeholder. With such a plurality, we would be able to get closer to ensuring
inclusivity of diverse voices and views that co-live in cities [46,48]. This entails that in each of
these stakeholder-specific UDTs, context information such as social and economic dimensions would
be curated, incorporated, and interpreted through the lens of that particular stakeholder [20,41].
Nevertheless, we need to go beyond contextualizing in the isolated view of a single stakeholder and
establish an interconnected system of stakeholder-specific UDTs that enables communication (5.3.4),
collaboration (5.3.3), and ultimately consensus (5.3.2).

5.3.2. Active Engagement

For UDTs to facilitate active engagement of stakeholders in urban governance processes, it’s
necessary to ensure involvement of communities not just to be informed or as sources of information,
but as active participants [46,50]. This entails that UDTs need to respect the agency of all stakeholders
from experts and authorities to most importantly citizens. This can be done by providing stakeholder-
specific representations allowing them to curate and interpret information [15,48]. This is crucial for
enabling participants to co-create knowledge, vision, and policy alternatives through the interaction
of their stakeholder-specific representations [13,70], which ultimately enables stakeholder-specific
representations to converge toward at least a consensual policy, if not a consensual representation [48].
However, the basic component of co-creation toward consensus is collaboration (5.3.3).

5.3.3. Collaboration

For UDTs to enable collaboration, they need to address existing silos and unbalanced collaboration.
Misalignment of terminology, views, and objectives strongly prevails not only between cities [39],
but also among sectors [54], disciplines [9], and even departments of a single organization [69]. This
entails that in any collaborative process, stakeholders’ conflicts are inevitable [53]. Such conflicts
can potentially lead to unbalanced power dynamics [42], cessation of collaboration, or even further
misalignments that foster predatory business models [20] or managerialist approaches [15].

Ultimately, developing and using UDTs need to rely on an existing ecosystem of stakeholders
that allow experimenting with different structures of digital representations to support and strengthen
their existing collaboration [15,71]. Governmental initiatives can be beneficial here as they are better
positioned to host and stimulate collaboration [15,69]. And ideally, non-predatory business models can
emerge in the social experiment of stakeholder-specific UDTs networks to provide practical values to
all parties and sustain this step of digital transition [13,23]. Nonetheless, it is not possible to collaborate
if there is no well-established communication network (5.3.4).
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5.3.4. Communication

For UDTs to facilitate communication with and among stakeholders, they need to provide cus-
tomizable interfaces that can be adapted to stakeholders’ areas of expertise and skill levels [10,72]. In
particular, visual interfaces should be interactive and accessible to ensure they are user-oriented [8,54]
and practice-first [15]. This is especially important with new technologies like AR and VR, which
promise interactivity but are not accessible to all groups [63]. Moreover, we need to avoid presenting
data as if it is value-neutral; UDT interfaces should be transparent about the sources and assumptions
behind each data and model, providing enough flexibility for stakeholders to interpret informa-
tion [20,33,48]. This approach would not only make UDTs more useful, but also enable stakeholders to
access each other’s curation and interpretation of data, facilitate discussions, and ultimately allow peer
learning and the co-creation of shared views and common language about the issues they are facing in
their urban environment [7,13]. Yet, facilitating communication should occur in an environment where
privacy is protected and trust is fostered (5.3.5).

5.3.5. Privacy and Trustworthiness

Cultivating trust are essential prerequisites for effective communication, collaboration, consensus-
building, and contextualization in UDTs. Trust is particularly hindered by growing anxiety about
digital surveillance [26] and wariness of large-scale digital solutions [20]. Therefore, it is imperative
that appropriate data privacy protections are implemented in UDT development [17,46]. These
measures should range from obtaining informed consent during data gathering and conducting
regular infrastructure audits to employing data anonymization and differential privacy techniques to
reduce the risk of identification. Simultaneously, fostering trust requires transpaency regarding how
data is managed [42] and how models are prepared [23].

5.4. Interdisciplinary Integration

Interdisciplinary integration (II) in UDTs involves creating a holistic representation—not as a
universalist model but as a consistent collection of digital representations—that can provide insights
for stakeholder-specific planning questions spanning across disciplines and scales of the urban envi-
ronment (5.4.1). Since all representations are inherently limited by their specific frames, the goal is to
match these frames to the requirements of the planning questions. Naturally, iterative and dynamic
planning processes mean that stakeholder-specific questions will inevitably evolve over time; therefore,
UDTs must be flexible enough to continuously adapt to these changing frames and continue providing
valid insights (5.4.2). Achieving such flexibility necessitates a diverse spectrum of compatible models
ready to be included as modules (5.4.3), along with open standards that allow for integrating a wide
range of data into the systems (5.4.4). This flexibility in reconfiguring UDTs and integrating models
and data necessitates technical integration (5.4.5), which ultimately places the technical ambitions for
UDTs within a socio-technical perspective.

5.4.1. Holistic Representation

To provide a holistic representation, UDTs require models that adopt a comprehensive approach.
This entails developing representations that are less fine-grained but more integrated, which are
essential for co-creating strategic and long-term visions [9,42]. Such models would be less domain-
specific and bridge various disciplines in their representation [10,53]. Moreover, they need to offer
insights at a variety of scales, allowing stakeholders to delve into details as much as necessary, which
requires multi-scalar integration of digital representations [42,69]. This approach would provide the
basis for stakeholders to establish the boundaries of the digital representation independent of domain
silos and scale discrepancies, ultimately allowing them to change it dynamically (5.4.2).

5.4.2. Flexible Representation

To effectively support urban planning—which often involves addressing wicked problems lack-
ing static and clear problem formulations—UDTs must be flexible and adaptable rather than static.
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As these problems evolve during participatory processes, UDTs need to be reconfigurable to adjust
representational boundaries to support evolving needs. Realizing this flexibility requires the ability to
use models dynamically by changing their hyper-parameters to better represent stakeholders’ particu-
lar views and assumptions as they evolve [23]. Moreover, it is necessary to switch and reconfigure
models as stakeholders’ planning questions evolve [33]. Achieving such a level of flexibility in model
configuration necessitates a wide spectrum of available models that can be readily integrated (5.4.3).

5.4.3. Model Integration

Because urban environments have complex interdependencies, UDTs must incorporate models
from different urban domains to provide holistic and flexible representations [17,18]. However, during
the preparation, implementation, and integration of these models, it is crucial to avoid neglecting social,
cultural, and political complexities. Purely technical approaches often oversimplify by relying solely
on quantification to represent urban environments, overlooking important dimensions [20,48,69].
Therefore, a spectrum of models and modeling approaches beyond purely data-driven models is
necessary, including semantic models and theory-based models [48,69]. Moreover, these models
should be curated and interpreted by stakeholders to ensure their use is grounded in local knowledge
(5.3.1) and consensus among local stakholders (5.3.2). In addition to diverse modeling approaches,
flexible use of models requires systematic integration of all computational processes to ensure model
integration [13] and intersystem connectivity [50], thereby reducing the cost and effort of experimenting
with different models. Model integration depends on ensuring that the requirements and assumptions
of different models are not conflicting and necessitates a robust framework for data integration (5.4.4).

5.4.4. Data Integration

Flexibility in customizing and adapting urban representations requires an integrated framework
that brings together heterogeneous data from various sources and domains, allowing stakeholders to
easily superimpose and compose this data to curate a stakeholder-specific UDT. This process relies
firstly on the availability and accessibility of data, which unlocks the ability of stakeholders to construct
their own curated, evidence-based representations of the city [75]. Secondly, it depends on structuring
these heterogeneous data based on open standards to lower the barriers to integration and use [52].
Lastly, it necessitates the adoption of open standards in public data infrastructures and private data
services to ensure interoperability within the broader ecosystem of digital tools and services [28]. Both
model integration and data integration, in turn, rely on a robust and integrated ICT infrastructure
(5.4.5).

5.4.5. Technical Integration

With all the social considerations clarified in the agenda, it becomes clear why technical integration
is necessary—not to achieve ever more accurate, efficient, fast, or universal digital representations,
but to facilitate the socio-technical integrations, namely II, CC, and PO. In this context, adequacy
and accuracy [75] are important insofar as they serve the interdisciplinary integration of stakeholder-
specific UDTs (5.4). Similarly, real-time integration of virtual and real elements [40] is valuable as it
enhances communication, collaboration, and consensus-building among stakeholders (5.3). Lastly,
digital infrastructure is necessary to the extent that it supports the operationalization of UDTs within
existing urban planning and decision-making processes (5.2).

6. Towards a Methdological Framework
The Augmented Urban Planning (AUP) agenda outlines the socio-technical complexities that

must be addressed in the development and use of UDTs. However, this agenda alone does not provide
a clear roadmap for achieving these objectives. Here, we outline a methodological framework as a first
step toward addressing these challenges systematically.
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Custom UDTs

the first step is enabling the custom integration of data and models through open, standardized,
and modular representations of urban data and models across urban disciplines. This requires
explicit representations of the “what,” “where,” “when,” and “who” data pertains to. Additioonally,
assumptions and uncertainties inherent in urban models and data need to be made transparent.
This would lead to reaching a broad set of building blocks that are standardized to be modular
and reconfigurable to lower the threshold for curating and configuring these elements into larger
digital representations i.e. UDTs. This flexibility would allow iterative and experimental adjustments,
supporting diverse urban planning needs.

Specific UDTs

UDT implementations should move away from the notion of being monolithic and universal
representations of urban environments. Recognizing that no representation can ever be perfect, we
need to aim for a diverse plathore of specific and useful representations. The aforementioned flexible
representations can enable custom UDTs that are tailored to specific planning questions, stakeholders’
views, or communities concerns. With openly standardized and shared building blocks (data and
model), this plathora can shape a network of specific UDTs to encompass diverse voices, make
communication and collaboration explicit, and support evidence-based co-visioning and co-creation
processes, ultimately facilitating convergence of participants toward consensus.

Adaptive UDTs

Neither individual UDTs nor their networks should remain static. UDTs need to be adaptive—not
merely in updating data but in continuously evolving through re-curation, re-configuration, and
re-interpretation of urban data and models. This adaptability allows for tracing the ever-changing
opinions, views, and preferences inherent in participatory urban planning without imposing the
rigidity of digital representations on their human-centered processes. Such adaptability requires
us to have explicit representation of planning, decision-making, and organizational processes with
UDTs embedded in them. Such procedural representions must support a complete cycle: formulating
planning questions, modeling UDTs, using them to explore and evaluate scenarios, and iterating across
all the previous stages.

Systematic implementation of these will require additional layers of digital representation, making
this a substantial and complex undertaking. Yet, to move beyond techno-optimistic visions of UDTs,
we must embrace the broader social, cultural, political, legal, ethical, and organizational dimensions
of urban environments. What we present here reamins a merely speculative outline—a first step
toward reimagining UDTs through a socio-technical lens that recognizes the complexities of integrating
technology into urban planning processes.

7. Conclusions
Seven years have passed since Urban Digital Twins (UDTs) were first discussed. Nevertheless,

their realized contribution to urban planning and decision-making is still unclear. In this study, we
reviewed 84 peer-reviewed implementation and reflection articles to (1) map the ambitions of UDTs for
urban planning, (2) map their realized contributions to urban planning, and (3) consolidate an agenda
to fill the gap between (1) and (2).

Our mapping of UDTs’ ambitions indicates that the common thread is integration. Still, there
is diversity in how researchers interpret integration—from technical, data, and model integration to
interdisciplinary and procedural (Section 3). Our analysis of UDTs’ realized contributions shows that
the majority focus on technical and interdisciplinary integration, while stakeholder engagement and
implementation in actual planning processes are lagging behind (Section 4). Anlyzing the trends in
literature indicates that the field is increasingly aware of this shortfall, with various reflection articles
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highlighting the necessity to incorporate the social dimension as socio-technical complexities hinder
the further operationalization of UDTs in urban governance.

Accordingly, we take the next step by synthesizing the gaps we identified and cross-validate them
with the challenges highlighted in the literature to consolidate a socio-technical agenda for further
research and development of UDTs: Augmented Urban Planning (AUP) (Section 5). In short, AUP
outlines the ideals where UDTs are a consistent collection of data and models that are Interdisciplinarily
Integrated (II), Consensually Contextualized (CC), and Procedurally Operationalized (PO). AUP does
not separate ethical, legal, and social dimensions from technical aspects; it adopts an integrated
approach to clarify the societal why we need technical development if we need them.
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The following abbreviations are used in this manuscript:

UDTs Urban Digital Twins
UDTing Urban Digital Twinning i.e. process of developing and using UDTs
AUP Augmented Urban Planning
II Interdisciplinary Integration
CC Consensual Contextualization
PO Procedural Operationalization

Appendix A. Details of Reviwing UDT Contributions
In our review of the implementation articles, we extracted specific information regarding the

contributions of their UDT prototype to urban planning. This assessment was based on extending the
main socio-technical categories that emerged from reviewing the ambitions—namely, Interdisciplinary
Integration (II), Consensual Contextualization (CC), and Procedural Operationalization (PO).

In assessing contributions to PO, we determined which phases of and practices in urban planning
processes the UDT implementations contributed to and how integrative they were. Categorizing the
planning practices that UDTs contribute to individual practices like assessment, sensing, actuating,
experimenting, and simulating as well more holistic planning practices like formulating problems
and modelling digital representations. This analysis allowed us to understand the extent to which the
UDTs were operationalized within existing planning processes and how effectively they supported the
procedural aspects of urban planning and decision-making.

To evaluate contributions to CC, we examined how the implementations considered stakeholders
and how they addressed communication, collaboration, and consensus-building among them. We
identified which stakeholders were involved, categorizing them as local authorities, citizens, experts,
companies, etc. We also distinguished between cases were the stakeholder was actively engaged,
passively consulted, provided indirect inputs, or when only a hypothetical typology of the stakeholder
were considered. This assessment provided insight into the level of stakeholder engagement and the
strategies used to facilitate their participation.

For assessing contributions to II, we analyzed the functionalities offered by the UDT implementa-
tions and the disciplines that data and models from the were used in UDT prototype. We evaluated
to what degree data and models were integrated across disciplines. Specifically, we assessed how
disciplinary integration was achieved in each UDT—whether they employed single-discipline models
and data, single-discipline models with multidiscipline data, or both multidiscipline data and models.
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This allowed us to assess the level of integratedness in each of the II, CC, and PO categories.
Correspondingly, we think this can be used to evaluate future contributoins of UDTs to urban planning
and decision-making based on the AUP socio-technical agenda.
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